The first wide-field, very long baseline interferometry (VLBI) observations of the nearby starburst galaxy NGC 253, obtained with the Australian Long Baseline Array (LBA), have produced a 1.4 GHz image with angular resolution matched to the Very Large Array (VLA) at 22 GHz. Two compact radio sources have been detected with these LBA observations, neither of which corresponds to the assumed nucleus of the galaxy, which is prominent in VLA 22 GHz images. A multifrequency comparison of the high-resolution radio structure in NGC 253 has been made. In particular, the radio spectra of the two detected sources and the assumed nucleus are discussed. A case is made that the radio emission from the compact sources in NGC 253 is absorbed by partially ionized gas with a free-free optical depth ranging at least between 1 and 4 at 1.4 GHz, in broad agreement with previous low-resolution optical and radio studies of NGC 253 and high-resolution studies of a similar starburst galaxy, M82.
INTRODUCTION
High angular resolution, multiwavelength studies of starburst galaxies are increasingly giving us an understanding of the processes at work within these galaxies: activity in the galactic nuclei, circumnuclear starburst activity driven by galaxy dynamics, and winds driven from the galaxy. Within the context of these multiwavelength studies, observations at radio wavelengths play an important role in relating the different emission components of the galaxies to each other (Forbes et al. 2000) . In particular, radio observations of starburst galaxies within a few Mpc of us, for example, M82 and NGC 253, offer the best opportunities for detailed high spatial resolution studies and the best chance to detect and resolve individual objects within the active starburst regions. Of special interest at radio wavelengths are the populations of compact sources, both thermal (i.e., H ii regions) and nonthermal (i.e., supernova remnants). Studies of M82 with MERLIN and the Very Large Array (VLA; McDonald et al. 2002) show that approximately two-thirds of the identified compact radio sources in this starburst galaxy are supernova-related, the remainder being H ii regions. Similarly, from VLA observations, it has been estimated that in NGC 253 approximately half of the compact radio sources are dominated by thermal emission (Ulvestad & Antonucci 1997) , the remainder likely being supernova remnants.
From high-resolution radio observations of the compact sources in starburst galaxies, it is possible to estimate the recent supernova rate, through monitoring of the fading of existing remnants, detection of new supernovae (Ulvestad & Antonucci 1997) , or the measurement of the expansion of existing remnants (Pedlar et al. 1999) . By identifying supernova remnants that have a low-frequency spectral turnover at radio wavelengths due to free-free absorption, it may be possible to map the distribution of ionized gas within the galaxy, independent of the effects of extinction that dominate at optical wavelengths. From measurements of the spectral index across spatially resolved regions of thermal radio emission, it is possible to investigate models for the electron energy distributions in these regions. However, very high quality observations with high resolution and sensitivity are required to distinguish between these models (McDonald et al. 2002) .
High-resolution radio observations are therefore an important tool for our understanding of the compact radio source populations of starburst galaxies, nearby starbursts being particularly amenable to these types of study.
NGC 253 is the most prominent starburst galaxy visible from the Southern Hemisphere, at a declination of approximately À25
; it is a nearly edge-on spiral at a distance of approximately 2.5 Mpc (Turner & Ho 1985) . Comprehensive continuum and line observations of the galaxy have been made from radio wavelengths to TeV energies (Itoh et al. 2003) , revealing a circumnuclear starburst ring of approximately 50 pc in diameter (Forbes et al. 2000 ) centered on what is thought to be an active galactic nucleus (AGN; Ulvestad & Antonucci 1997; Forbes et al. 2000; Mohan, Anantharamaiah, & Goss 2002) .
Numerous previous studies of the radio emission from NGC 253 have been reported. The dynamics of the H i gas in NGC 253 were studied by Koribalski, Whiteoak, & Houghton (1995) . Carilli (1996) constructed the radio spectrum of the nuclear starburst region of NGC 253 at low resolution (33 00 Â 21 00 ) and frequencies between 330 MHz and 15 GHz, finding a flattening of the spectrum below 1.6 GHz. Of a number of possible explanations for the observed spectrum, Carilli (1996) concludes that free-free absorption by gas local to the starburst region is most likely, with emission measures for the absorbing gas of $3 Â 10 5 (T/10 4 K) 3/2 pc cm À6 . Carilli (1996) finds that the free-free absorption interpretation is consistent with other observations that suggest high interstellar pressures in the starburst region of NGC 253 and notes that emission measures both larger and smaller than the estimated ''smoothed'' value are likely in NGC 253. Ulvestad & Antonucci (1997) used the VLA at frequencies between 1.4 and 22 GHz to observe NGC 253, the higher frequencies allowing a clear identification of many compact sources. However, studies of the spectral indices of these compact sources were complicated by the lower resolution at lower frequencies. At the lowest frequency used, 1.4 GHz, the VLA resolution is too low to resolve the individual compact sources from each other or from the diffuse radio emission of the galaxy. The only way to obtain high resolution at low radio frequencies is to increase the interferometer baseline lengths used, from tens of kilometers to hundreds of kilometers, employing the technique of very long baseline interferometry (VLBI).
Single-baseline VLBI observations of NGC 253, on a 275 km baseline at 3.6 cm, have previously been reported by Sadler et al. (1995) ; they found a flux density upper limit of 6 mJy, indicating that the strongest compact objects in NGC 253 are almost fully resolved on angular scales of 30 mas at this frequency (Ulvestad & Antonucci 1997) . In order to image the starburst region of NGC 253, with high resolution and at low frequency, more sensitive multibaseline VLBI observations and the techniques of wide-field imaging are required. This paper reports the first such observations of this type for NGC 253. VLBI observations with an Australian array of radio telescopes at 1.4 GHz are described, undertaken to achieve approximately matched angular resolution to the 22 GHz VLA observations of Ulvestad & Antonucci (1997) . The primary aim of these VLBI observations was a comparison of high-and low-frequency images of NGC 253 at the same angular resolution, in order to investigate the compact sources within the galaxy in the radio wavelength range where absorption processes are most significant.
The detection of two compact radio sources from these observations, and flux density upper limits for others, indicates sharp low-frequency flux density cutoffs in their radio spectra, indicative of free-free absorption, broadly consistent with the low-resolution results of Carilli (1996) in NGC 253 and the interpretation of compact radio source spectra in M82 (McDonald et al. 2002) .
VLBI OBSERVATIONS, DATA REDUCTION, AND RESULTS
A 6 hr VLBI observation of NGC 253 was made with the Australia Telescope National Facility (ATNF) antennas at Parkes (64 m), Narrabri (3 Â 22 m), and Mopra (22 m The recorded tapes were correlated on the ATNF S2 processor with a correlator integration time of 2 s and 256 frequency channels across each 16 MHz band. The cross-polarization products were not correlated. The correlated data were amplitude calibrated in AIPS, and the data for the phase-reference source were fringe fitted. The phase corrections estimated from the reference source were transferred to the NGC 253 data, which were output to disk in FITS format.
The NGC 253 data were initially imaged in the MIRIAD software (Sault, Teuben, & Wright 1995) , retaining the data in its unaveraged form to minimize the effects of time and bandwidth smearing, allowing a field of view approximately 20 00 in diameter to be imaged, only limited by the smearing effects associated with a noncoplanar array of antennas (Perley 1989) . Two compact sources of radio emission were detected from the observations, summarized in Table 1 . An image showing the region in which the two sources were detected was produced in MIRIAD (using a pixel size of 20 mas, image size of 2000 Â 2000 pixels, and uniform weighting of the visibilities) and is shown in Figure 1 ; the image has an rms noise level of approximately 0.6 mJy beam À1 and a synthesized beam of approximately 60 Â 200 mas at a position angle of À35 . Flux densities for the two detected sources have been measured by fitting simple Gaussian model components to the ðu; vÞ-plane data. There is no indication from the imaging and modeling that the two sources are significantly resolved.
At an observing frequency of 1.4 GHz spatial and temporal variations of the ionosphere can cause significant variations of interferometer phase, which may be undersampled by the phase-reference cycle time or the angular separation between the target and phase-reference source, leading to a loss of coherence when the data are used to form images. These phase variations can therefore lead to a reduction in the flux densities estimated from the images. An attempt has been made to determine if this is a significant effect for these observations. Following imaging, phase self-calibration of the NGC 253 data was performed using a 40 s solution interval. Given a total detected flux density of approximately 20 mJy and the sensitivities of the individual antennas in the array, this solution interval produces phase corrections to the data with error less than approximately 5 . The corrected data were then imaged and cleaned to determine if these phase corrections restored significant coherence to the data, leading to higher estimates of the source flux densities. It was found that the flux densities measured for the two sources from the phasecorrected data were $10% higher than measured from the uncorrected data. It is likely that some small coherence loss also occurs on timescales shorter than 40 s. To investigate this possibility, the data for the phase-reference source were fringe fitted using a solution interval of 20 s, and the phase solutions were examined. It was found that greater than 10 phase excursions between 20 s points were extremely rare, implying that coherence loss on these timescales is likely to be small, less than $1%. The flux densities that appear in Table 2 have been determined from the phase self-calibrated data. Errors on the final measured flux densities are listed as approximately 10%, based on likely errors in the measured sensitivities of the antennas in the array and the uncertainty in the absolute flux density scale for Southern Hemisphere VLBI (Reynolds 1994 ).
DISCUSSION

Comparison to VLA Imaging
The two sources detected in Figure 1 can be identified with compact sources detected by Ulvestad & Antonucci (1997) in their comprehensive imaging of NGC 253 with the VLA; they produced VLA images of NGC 253 at frequencies between 1.4 and 22 GHz, with angular resolutions between 70 mas (22 GHz) and 1B68 (1.4 GHz).
The identifications for the two sources are indicated in Table 1 that the larger of the two positional discrepancies is associated with the source of largest angular extent). Added to this uncertainty are the normal uncertainties in the phase-referencing procedure due to errors in the phase-reference source position (likely to be less than 1 mas) and corruptions of the measured phases due to the atmosphere and ionosphere, as mentioned above.
Table 1 also shows the 10 predicted strongest compact sources in NGC 253 at 1.4 GHz. The 1.4 GHz flux density is predicted from the data given in Table 13 of Ulvestad & Antonucci (1997) , at frequencies between 4.8 and 22 GHz. The spectral indices listed are the VLA spectral indices between 4.8 and 15 GHz (or 8.4 and 22 GHz if the 4.8-15 GHz spectral index was not available) from the same Table 13 .
All of the 10 predicted brightest sources at 1.4 GHz, except 5.87À40.1 and 6.40À37.1, are very compact sources, being detected at 80 mas resolution at 22 GHz by Ulvestad & Antonucci (1997) . Four of the five predicted brightest sources at 1.4 GHz have estimated sizes from the VLA 15 and 22 GHz images. Given only three antennas in the VLBI array, reliable measurement of the source sizes, for comparison to the VLA data, is very difficult. At best, the sources measured at the VLA would be only marginally resolved with the current LBA observations. Better ðu; vÞ-plane coverage is required before VLBI observations at 1.4 GHz can be used to estimate the sizes of the sources.
From Table 1 the detection of sources A and B is not surprising, based on the spectral indices, flux densities, and source sizes. What is notable is the lack of detection of sources comparable to or stronger in predicted 1.4 GHz flux density than A and B. In particular, 5.79À39.0 (the source assumed to coincide with the nucleus of NGC 253) and 5.78À39.4 (a steep-spectrum source within 0B5 of 5.79À39.0) are the second and third on the list of predicted brightest sources at 1.4 GHz and are not detected. Ulvestad & Antonucci (1997) present the case that 5.79À39.0 is an AGN but cannot rule out the possibility that it is an ultraluminous, compact supernova remnant of constant luminosity or a collection of filamentary emitting regions similar to that seen in the Milky Way, albeit in a smaller volume. The source 5.78À39.4 is not noted especially by Ulvestad & Antonucci (1997) , other than that it appears close to the assumed nucleus. Also, the sources 5.75À41.8 and 6.00À37.0 have predicted 1.4 GHz flux densities comparable to those of source B (5.62À41.3) and VLA spectral indices similar to those of source A (5.48À43.3).
Given that at least 10 compact sources in NGC 253 have predicted 1.4 GHz flux densities greater than the VLBI detection limit, based on the high-frequency spectral indices, the question is, why were the majority of these sources not detected in the VLBI image, while a minority of similar sources were? Given that the 1.4 GHz LBA observations are resolutionmatched to the highest frequency VLA observations and that the individual sources are at best only marginally resolved at this level, it is not likely that the LBA observations have ''resolved out'' a significant amount of the emission from the individual compact sources, thereby underestimating the flux densities at 1.4 GHz. In the following analysis it is also assumed that the flux density estimates at the lower VLA frequencies (lower resolution) have not been overestimated. From the VLA spectra produced by Ulvestad & Antonucci (1997) , this does not seem to be the case.
As outlined in x 1, previous studies of NGC 253 and M82 have shown that free-free absorption is an important process in starburst galaxies. In the next section a case is presented that many compact radio sources in NGC 253 experience freefree absorption at low frequencies because of obscuring ionized gas, to varying extents.
Free-Free Absorption of the Compact Radio Sources
Ulvestad & Antonucci (1997) conclude that the brightness temperatures they measure for the compact sources in NGC 253 are not high enough to indicate significant synchrotron self-absorption. Free-free absorption is the natural alternative; we are looking at a number of compact sources placed in the disk of a galaxy that appears edge-on to us and contains large amounts of gas, much of which is ionized by regions of star formation. The gas in NGC 253 is likely to free-free absorb the radio emission of sources within the galaxy, and the degree of absorption is also likely to vary from source to source, depending on the local gas properties as well as the gross location of the source within the disk of the galaxy, i.e., if the source lies on the near or far side of the nucleus.
The radio spectra for six of the compact sources in NGC 253 are shown in Figure 2 -the six sources with the highest predicted 1.4 GHz flux densities from Table 1 . The highfrequency data are from Ulvestad & Antonucci (1997) , and the 1.4 GHz data are from the new LBA observations. From the high-frequency data alone it can be seen that five of the six sources (excluding 5.79À39.0, the assumed nucleus) are likely supernova remnants, by virtue of their mostly steep spectra between ¼ À0:24 and À0.78. In comparison, McDonald et al. (2002) found that the high-frequency spectral indices of supernova remnants in M82 ranged between ¼ À2 and 0, whereas the thermal sources in M82 have high-frequency spectral indices ranging between ¼ 0:5 and 1.7. As has already been noted, 5.79À39.0 is likely to be an AGN. Ulvestad & Antonucci (1997) identify 5.48À43.3 as a supernova remnant and 5.62À41.3 as a supernova remnant with a contribution from an H ii region. For the two sources detected with the LBA, a significant deficiency in the flux densities at low frequency is apparent in Figure 2 , based on their high-frequency spectra, a signature of low-frequency absorption. For the source 5.79À39.0, curvature of the spectrum is apparent in the high-frequency data, indicating significant absorption at a frequency of 5 GHz. Ulvestad & Antonucci (1997) note that at the assumed nucleus, the measured peak of their 1.4 GHz images shifts approximately 1 00 relative to the position of the nuclear peak they find at higher frequencies. This is also an indication that significant low-frequency absorption exists toward the nucleus. For each of the undetected sources in Table 2 , the flux density upper limits at 1.4 GHz show that the low-frequency spectra cut off sharply, indicating free-free absorption.
Based on the indications that free-free absorption is a significant effect in NGC 253, the data for these six sources have been fitted to a simple free-free absorption model, to determine if plausible values for the model parameters can explain the data in a consistent fashion. These fits should be taken to be indicative only, since with typically four to five data points (only one data point at low frequency at most) and a three-parameter freefree absorption model, the fits are not unique. This approach is comparable to those used in numerous previous investigations to show the plausibility of free-free absorption in various situations (Bicknell, Dopita, & O'Dea 1997; Peck, Taylor, & Conway 1999; Kameno et al. 2000; Tingay & Murphy 2001; McDonald et al. 2002; Tingay & de Kool 2003) . A homogeneous ionized screen absorbing an intrinsic power-law spectrum (i.e., applicable to supernova remnants) can be modeled in the form
where S obs is the observed flux density in janskys and is the observing frequency inGHz; S 0 (in janskys) and define an intrinsic power-law spectrum for the radio emission over the full frequency range; and ff is the free-free optical depth due to ionized gas, which can be expressed as A ¼ 0 À2:1 ¼ 3:3 Â 10 À7 ln 2 e T À1:35 À2:1 , where l is the path length in parsecs, n e is the electron density (cm À3 ), and T is the electron temperature in units of 10 4 K (Rybicki & Lightman 1979, p. 162 ). This simple free-free absorbed power-law model is identical to one of the models used by McDonald et al. (2002) in their analysis of the compact radio sources in M82; ff is also commonly expressed as the emission measure, EM ¼ R n 2 e dl ¼ 3 Â 10 6 A T 1:35 2:1 . It is worth noting that the above equation is also valid for an absorbing screen that is composed of different components with variable T, n e , and l, i.e., S obs ¼ S 0 e À A 1 e À A 2 : : :
where e is the effective optical depth due to the different screen components. Any free-free absorption due to ionized gas in a starburst galaxy is likely to be due to a multicomponent gas of this type. The expression for the emission measure recognizes variation in the electron density along the line of sight to the radio source but assumes that all gas along this line of sight is at a constant temperature. First, for the two sources that have been detected with the LBA (5.48À43.3 and 5.62À41.3), free-free absorption models that are consistent with the data (models shown in Fig. 2 ) are listed in Table 2 , with A ¼ 1:2 1:5 at 1.4 GHz. The intrinsic spectral indices in these fits, , are typically largely constrained by the observed high-frequency spectral indices, since free-free absorption has a small effect at high frequency.
Second, for the assumed nucleus of the galaxy (5.79À39.0), for which an indication of absorption from the high-frequency data can be seen, a free-free absorption model with a higher opacity is required to both fit the curvature of the high-frequency spectrum and give a 1.4 GHz flux density below the LBA detection limit, A > 4 at 1.4 GHz. A flat intrinsic spectrum was used for 5.79À39.0, ¼ À0:2, consistent with the idea that this source is an AGN rather than a strong supernova remnant.
Third, the source 5.78À39.4 lies within 0B5 of 5.79À39.0 and (if physically near the nucleus) may have a very similar free-free optical depth. Furthermore, the high-frequency spectral index of 5.78À39.4 indicates that it is likely to be a supernova remnant, similar to 5.48À43.3, one of the detected sources. Therefore, a model was constructed using an intrinsic radio source identical to that of 5.48À43.3 but with a free-free opacity identical to that estimated toward 5.79À39.4. This model is consistent with the data available and predicts a nondetection at 1.4 GHz with the LBA.
Finally, the sources 5.75À41.8 and 6.00À37.0 were modeled. No constraints other than the high-frequency VLA data and the LBA upper limits are available for these sources. A free-free optical depth of 1.5 (as for 5.48À43.3 and 5.62À 41.3) was found to be insufficient to give a nondetection at the LBA. In both cases an optical depth greater than 2.5 at 1.4 GHz was required to give a nondetection while still fitting the high-frequency data. These two sources are physically well separated in the galaxy.
From this simple modeling of free-free absorption, it would appear that the ionized medium in NGC 253 is not likely to be uniform and is concentrated toward the center of the galaxy, providing a high degree of absorption toward the nucleus. Under these conditions and observing at low frequency, one would therefore expect to detect only the brightest, steepspectrum sources on those lines of sight where the free-free absorption is minimal, most likely away from the nuclear region. A multiwavelength study of NGC 253 by Forbes et al. (2000) is consistent with this assertion. Forbes et al. (2000) present an analysis of discrete sources of optical emission lines (H and [S iii ]k9532), millimeter emission lines (HCN), and infrared, radio, and X-ray continuum emission, finding that the discrete optical, infrared, and millimeter sources define a circular starburst ring of $50 pc extent centered on the nucleus of the galaxy, which they conclude is likely to be an AGN. The optical and infrared emission appears clumpy, because of variable dust obscuration. Narrowband H +[N ii] kk6548, 6583 imaging of NGC 253 by McCarthy, van Breugel, & Heckman (1987) shows the sources considered in this paper to lie along lines of sight rich with ionized gas. Furthermore, Waller, Kleinmann, & Ricker (1988) find that [S ii]/H ratios observed in NGC 253 indicate that $95% of the ionized gas is obscured from view at H. Strong and variable free-free absorption in NGC 253 is therefore expected.
Specifically, independent estimates of the electron densities and temperatures in NGC 253 show that the free-free optical depths derived in Table 2 are reasonable. Heckman, Armus, & Miley (1990) used measurements of the [S ii] kk6717, 6731 emission-line doublet, assuming an electron temperature of 10 4 K, to estimate electron densities of approximately 5 Â 10 2 cm À3 within 5 00 (100 pc projected distance) of the NGC 253 nucleus, the region in which the sources in Table 2 lie. The expected free-free absorption from such a gas at 1.4 GHz is A $ 0:04l (from the equation above), where l is the path length through the gas in parsecs. A path length of approximately 40 pc (similar in scale to the starburst ring described by Forbes et al. 2000) gives free-free opacities of $1.5, reproducing the opacities required for the two sources detected in Figure 1 , 5.48À43.3 and 5.62À41.3. Higher opacities are required for the remaining sources in Table 2 , implying larger path lengths, assuming that the gas properties remain the same. The path lengths inferred, in this case, for 5.75À41.8 and 6.00À37.0 must be more than a factor of 2 higher.
For the assumed nuclear source, 5.79À39.0, measurements and modeling of radio recombination lines from the nucleus of NGC 253 by (Mohan et al. 2002) have led them to conclude that these lines originate from a gas with n e between $7 Â 10 3 and $1:7 Â 10 4 cm À3 and with a temperature of 7:5 Â 10 3 cm À3 , distributed in a spherical structure of uniform density and a diameter of 3-4 pc. If the nuclear continuum source is assumed to lie at the center of this gas distribution, the free-free opacity inferred at 1.4 GHz (assuming electron densities near the lower end of the modeled range) is A $ 18, substantially larger than the lower limit in Table 2 . A similar opacity may also apply for the nearby (at least in projection) source 5.78À39.4. Free-free opacities this large imply substantial curvature of the spectrum in the frequency range investigated by Ulvestad & Antonucci (1997) , greater curvature than is actually seen in the data shown in Figure 2 . The placement of the radio continuum source relative to the lineemitting gas is unknown (Mohan et al. 2002) ; therefore, a much smaller path length than the $2 pc assumed here is possible. However, the general statement that the free-free opacity is greater toward 5.79À39.0 than the other sources listed in Table 2 is supported by the results of Mohan et al. (2002) .
Free-free absorption model results similar to those described here for NGC 253 have been obtained for compact radio sources in M82 from deep, high-resolution VLA and MERLIN observations by McDonald et al. (2002) ; they found emission measures of $10 7 cm À6 pc toward supernova remnants in M82, of the same order of magnitude as those values listed in Table 2 for NGC 253.
Under the free-free absorption interpretation, higher frequency, wide-field VLBI imaging would give a better chance of detecting more of the compact sources within NGC 253. Currently, further LBA observations are being scheduled at 2.3 GHz and multifrequency Very Long Baseline Array observations are being planned, in order to better measure the spectra of individual compact sources in NGC 253 and allow a more robust exploration of free-free absorption models.
SUMMARY
The first high-resolution radio continuum observations of NGC 253 at 1.4 GHz have been made (matched in resolution to previous 22 GHz observations with the VLA), resolving for the first time the compact sources of radio emission from each other and from the extended diffuse radio emission of the galaxy, at this frequency. These observations have detected two compact sources and provided useful upper limits to the flux density of other compact sources at 1.4 GHz. The radio spectra of the compact sources considered in this study are in good agreement with a free-free absorbed intrinsic power-law spectrum, as would be expected for supernova remnants (with the probable exception of 5.79À39.0-thought to be an active nucleus but nonetheless consistent with an intrinsic power law that is free-free absorbed) in a starburst galaxy. The idea of free-free absorption of compact radio sources in NGC 253 is consistent both with previous radio studies of the galaxy at low angular resolution and with optical data. High-resolution studies of another similar starburst galaxy (M82) have also provided results that lead to very similar conclusions. S. J. T. thanks J. Ulvestad for useful comments and suggestions that improved this paper. This work was supported by the Swinburne University of Technology Research and Development Grant Scheme. The Australia Telescope is funded by the Australian Commonwealth Government for operation as a national facility managed by CSIRO. This research has made use of the NASA/IPAC Extragalactic Database (NED), which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration.
